Keywords: electrolyte-gated organic field effect transistors, solution shearing technique, Hg 2+ ions, redox-reaction, surface doping Surface doping allows tuning the electronic structure of semiconductors at near-surface regime and is normally accomplished through the deposition of an ultrathin layer on top or below the host material. Surface doping is particularly appealing in organic field-effect transistors (OFETs) where charge transport takes place at the first monolayers close to the dielectric surface. However, due to fabrication restrictions that OFET architecture imparts, this is extremely challenging. Here, we demonstrate that mercury cations, Hg 2+ , can be exploited to control doping levels at the top surface of a thin film of a p-type organic semiconductor (OSC) blended with polystyrene. Electrolyte-or water-gated field-effect transistors (EGOFETs or WGOFETs), which have its conductive channel at the top surface of the organic thin film, turn out to be a powerful tool for monitoring the process. A positive shift of the threshold voltage is observed in the devices upon Hg 2+ exposure. Remarkably, this interaction has been proved to be specific to Hg 2+ with respect to other divalent cations and sensitive down to nanomolar concentrations. Hence, this work also opens new perspectives for employing organic electronic transducers in portable sensors for the detection of an extremely harmful water pollutant without the need of using specific receptors.
Introduction
Organic electronics represent one of the most straightforward route towards flexible devices due to the low temperature fabrication processes involved and, thus, compatibility with polymeric substrates. Additionally, organic semiconductors (OSCs) are appealing for their versatile modulation, since materials can be produced à la carte by chemical synthesis.
Furthermore, a viable way to achieve fine-control of the electronic properties of organic semiconductors is by chemical doping, which consists in adding an impurity able to donate (i.e., n-doping) or accept (i.e., p-doping) an electron to or from the semiconductor, respectively. [1] Doping typically gives rise to an increase of the OSC conductivity or a reduction of the contact resistance between the organic semiconductor and the metal electrodes. [1] [2] [3] [4] In general, doping can be achieved either by: i) processing simultaneously the dopant and semiconductor either by the co-evaporation of both materials, [5] or by employing wet-processes (i.e. spin-coating) of a solution containing the doping agent and the organic material, [6] or ii) exposing the semiconductor thin film to vapors of the dopant. [7] Up to now, doping techniques are successfully applied in organic optoelectronics for a broad commercial products, such as in highly efficient white organic light-emitting diode or organic solar cell. [8, 9] Chemical doping of the OSC has also been exploited in organic field-effect transistors (OFETs). [10, 11] However, since in these devices charge transport takes place only at the first monolayers close to the dielectric surface, [12] it is, therefore, extremely desirable to achieve a controlled doping of such interface. Unfortunately, this is extremely challenging due to restrictions that OFET architecture imparts on fabrication. A reliable way to dope locally the surface of OSC thin films includes the use of self-assembled monolayers (SAMs) sandwiched between the OSC and dielectric surface [13] [14] [15] or the deposition of a doping layer of a strong electron-withdrawing (or electron-donating) molecule on top of a few monolayer-thick OSC. [16] A particular class of OFET devices are the so-called electrolyte-gated or water-gated organic field-effect transistors (EGOFETs or WGOFETs), in which a water saline solution or simply water is used as gating medium. [17] These devices are recently gaining much attention because of their potential in biochemical sensing applications. The conduction channel in
WGOFETs is formed at the OSC/water interface and, hence, these devices offer a unique, but completely unexplored, opportunity to be subjected to surface transfer doping by adding the appropriate dopant in the aqueous medium.
In this paper, we report a mercury-mediated surface doping of a thin film of a p-type OSC blended with polystyrene (PS) induced by a redox reaction between an aqueous mercury solution (HgCl 2 ) and the OSC. It has been previously shown that the films prepared by these OSC/PS blends are self-encapsulated by the polymer and, hence, a poor permeation of the ions into the OSC is expected. [18, 19] In order to monitor the doping level, we have exploited the WGOFET layout as electronic transducer. The devices were systematically exposed to reference solutions of Hg 2+ , thereby affecting its surface electrical characteristics due to the redox reaction between this divalent cation and the organic semiconductor. Remarkably, this interaction has been proved to be specific to Hg 2+ with respect to other divalent cations and sensitive down to nanomolar concentration. This is of paramount interest since the development of portable and low-cost sensors to detect Hg 2+ in waters represents one of the most compelling issues identified by the EEA (European Environmental Agency) and WHO (World Health Organization) due to its high toxicity. Considering all above, the importance of the herein reported results is two-fold: i) a new approach for surface doping of OSCs is established by making use of the WGOFETs configuration, and ii) a novel and simple organic sensing platform towards the extremely harmful pollutant Hg 2+ is demonstrated without the need of using specific receptors or complex device architectures.
Results and Discussion
We previously demonstrated that the use of OSCs blended with polystyrene (PS) and deposited by bar-assisted meniscus shearing (BAMS) gives rise to highly crystalline and homogenous thin-films that exhibit excellent OFET performance. [18, 20, 21] One additional advantage of this strategy is that the thin-films are self-encapsulated by a thin PS protecting layer, which combined with the high OSC crystallinity, provides the devices a high environmental stability. Thus, these films have also shown to reveal robust electrical performances as WGOFETs, exhibiting high mobility and fast switching speed. [19, 22] Here, we selected as OSC 2,8-difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene (diF-TES-ADT, Figure 1a ), which was blended with PS in a ratio (4:1) and dissolved in chlorobenzene (2 % wt.). Films were prepared by BAMS at 105 ºC and deposited at 1 cm/s as previously reported. [20] As shown in Figure 1b , the electrical measurement setup consists in a polydimethylsiloxane (PDMS) pool mounted on top of the device with a Pt wire acting as gate electrode. Prior to exposing the device to the Hg 2+ solution, a stability check in MilliQ water was always performed in order to guarantee a reproducible electrical response (i.e. few I-V transfer characteristics are recorded). As displayed in Figure S1a (Supporting Information), the perfect overlapping of the transfer scans ensures that the WGOFET response is stable and no electrical deterioration is occurring in the experimental time-scale. Transfer and output characteristics ( Figure S1c , Supporting Information) show a typical p-type behavior in a V GS windows ranging from +700 to -300 mV. These devices exhibited average hole mobility and threshold voltage of 0.04 cm 2 V -1 s -1 and 0.4 V, respectively (Table S1 ).
Then, in order to test the sensitivity of the OSC towards Hg 2+ , we systematically exposed the OSC thin film to increasing concentrations of HgCl 2 by spanning 6 orders of magnitude, namely from nanomolar to millimolar levels (i.e. 1 nM, 50 nM, 1 μM, 50 μM and 1 mM). The detection setup is sketched in Figure 1c . A droplet of the solution containing HgCl 2 was casted on the interdigitated area for three minutes followed by an abundant washing of the surface with MilliQ water for removing traces of this salt solution that could interfere with the water-gated measurements. After mercury exposure, we performed an additional stability check in MilliQ water in order to ensure again the stability and reproducibility of the data (see Figure 1d and Figure S1b , Supporting Information). Clearly, electrical performances are affected after the Hg 2+ exposure, as a result of the marked threshold voltage (V th ) shift. As evidenced in Figure 1e , a positive V th shift is observed with increasing the Hg 2+ concentration.
This gradual shift is accompanied by an increase of the off-current (I off ) and on-current (I on ) (see Figure S2a , Supporting Information). These trends are characteristic of a p-doping process of the organic semiconductor. [16] Figure S2b (Supporting Information) clearly shows the best overlap of all the transfer curves of a device exposed to solutions of Hg 2+ at variable concentration compared to the same device measured without ion exposure. This can be achieved by simply shifting the curves along the V GS axis according to:
The excellent overlap of all these transfer curves suggests that V th is the most affected parameter among the multi-parametric response offered by a field-effect transistor.
Aiming at quantifying the V th dependency with respect to Hg 2+ concentration, we have extracted this parameter according to the classical MOSFET equation in saturation regime:
where is the charge-carriers mobility, W is the channel width, L is the channel length, V th the threshold voltage, V GS is gate-source voltage and C dl is the capacitance of the electrical double layer. [22] The constant slopes of � vs. V GS ( Figure S2c and Table S1 , Supporting
Information) indicate that the following product, ·C dl (in accumulation regime), are not significantly affected by Hg 2+ exposure. [23] Figure 1f shows that a linear relationship exists between ∆ ℎ and the log [Hg 2+ ], defined as ∆ ℎ = ℎ 2+ − ℎ , within the selected range from 1 nM to 1 mM. The linear dependence suggests that the sensitivity of the device, defined as the slope of the curve, is equal to 27 ± 10 mV/dec. These data were extracted from 10 devices (Table S2 , Supporting Information), whose statistical results are also plotted in Figure S2d (Supporting Information). All the positive ∆ ℎ indicates that a higher gate voltage is required to switch the channel off due to the p-doping effect of Hg 2+ . [24] From the transfer characteristics in linear regime (see Figure S3a , Supporting Information),
we have extracted the carriers concentration (n) induced by the gate voltage V G according to the following equation: [25] = −
here e is the elementary charge. The doping-induced hole concentration estimated by 2+ and Pb 2+ in order to gain insights on the mechanism that governs the above-mentioned surface doping. As reported in Figure 2a and Figure In order to get deeper insights into the interaction mechanism between Hg 2+ and the electronic transducer, we have performed a series of cross-checks. First, to rule out a possible partial diffusion of Hg 2+ cations towards the underlying Au contacts (viz. source and drain electrode), we carried out an electrical characterization of the devices in dry state by using the bottom Si gate before and after the mercury exposure (see Figure 3a) . The results clearly demonstrate that the device response is regardless of mercury exposure. Thus, this indicates that only the semiconductor top surface is altered by Hg 2+ .
Another key issue is to understand the role of PS in the OSC thin film and, therefore, the same experiments were performed with films prepared only with diF-TES-ADT, free of PS.
The diF-TES-ADT-based WGOFET after mercury exposure displays a similar positive shift of V th , but much more pronounced (see Figure S6 , Supporting Information). More importantly, the OFET performance is significantly affected after having been exposed to the Hg 2+ solution (c = 10 μM) when measured in dry conditions by using the Si back-gate, as shown in Figure   3b . Here, a strong current increase is observed and the current modulation capability of the device is drastically decreased. A similar behavior was also observed by Bao et al. on a DDFTTF-based OFET (DDFTTF stands for 5,5'-bis-(7-dodecyl-9H-fluoren-2-yl)-2,2'-bithiophene) and was tentatively attributed by the authors to the doping effect of Hg 2+ itself or to the formation of a charge transfer complex between Hg 2+ and the semiconductor. [26] Considering these results, it can be unambiguously affirmed that the PS encapsulation layer is crucial for avoiding the penetration of the ions into the bulk of the OSC film.
As mentioned, a [27, 28] Taking this into account, we should expect to observe the same p-doping behavior with other p-type semiconductors. Thus, the experiments were repeated changing the OSC of the organic blend with TIPS-pentacene (i.e., 6,13-Bis(triisopropylsilylethynyl)pentacene), a semiconductor having a similar highest occupied molecular orbital (HOMO) level to diF-TES-ADT. As depicted in Figure S7 (Supporting Information), the electrical response of TIPS-pentacene based WGOFET remains practically identical to the one found with diF-TES-ADT. To further confirm the redox mechanism, another metal cation (Fe 3+ ) possessing less oxidation capability (oxidation potential is 0.77 V vs NHE) has been used as target. [28] I-V characteristics did not show any shift after being exposed to 1 mM of Fe 3+ ions ( Figure S8a , Supporting Information), and only the same behavior is visible when the Fe 3+ concentration is increased up to 50 mM ( Figure S8b , Supporting Information). Such evidence supports the fact that a less oxidizing agent induces a similar effect only at higher concentration. Hence, we can safely state that even though an aspecific interaction is occurring between the OSC and Hg 2+ , by selecting an OSC with an appropriate HOMO level and establishing a definite experiment protocol (i.e., exposure time or working ion concentration range), we can impart an effective selectivity to this electronic transducer. Keeping in mind that this metal ion represents one of the most aggressive pollutants in nature, [29] we can envisage that these devices could also be potentially exploited as in-field sensors after a wider screening of further interfering agents that are naturally contained in real polluted samples.
A schematic vision of the redox process that is taking place on the OSC/water interface is illustrated in Figure 4 . , where e is the electronic charge and ∅ and ∅ are the work-function of the tip and the semiconductor, respectively. [30] For a semiconductor thin film, the measured V CPD is related to the surface potential (∅ ), which differs from the work function of semiconductor materials due to the surface-charge limit near the semiconductor surface. [30, 31] As shown in Figure 4a when the thin film is exposed to Zn 2+ (see Figure S9a ,b, Supporting Information).
To further understand the influence of the p-type surface doping on the OSC, electrochemical impedance spectroscopy has been employed to study the double layer capacitance at the water/OSC interface. [19] For the WGOFET, the total electrical double layer capacitance C dl is the result of two capacitances in series, i.e. gate/water capacitance (C 1 ) and water/OSC capacitance (C 2 ),
. In general, the gate/water capacitance (C 1 ～ tens of μF/cm 2 ) is larger than the water/OSC capacitance (C 2 is a few μF/cm 2 ). [23] Therefore, when WGOFET channel is depleted C 2 dominates, whereas in accumulation the two capacitances . In other terms, the total capacitance remains unaltered in both operating conditions.
Conclusion
In conclusion, we have fabricated water-gated field-effect transistor based on the organic semiconductor dif-TES-ADT blended with polystyrene. [32] [33] [34] and satisfies the U. S. Environmental Protection Agency standards in terms of Hg 2+ contamination in drinking water. [26, 32] Thus, the implementation of a blended p-type OSC with a proper HOMO level in a WGOFET offers an excellent platform to develop simple and portable electronic devices for Hg 2+ detection.
Experimental Section
Materials: 2,8-difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene (diF-TES-ADT) and 6,13-Bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene) was purchased from Lumtec.
and Ossila, respectively. Polystyrene (M w~1 0,000 g mol -1 ), chlorobenzene (CB), 2,3,4,5,6-pentafluorothiophenol (PFBT) and all the metal chloride salts (also including Pb(NO 3 ) 2 ) were purchased from Sigma-Aldrich and used without any further purification. ) is applied to the sample (+) or the tip (-). [30] In our measurement, the bias is applied to the sample, which indicates the sign is +. 2+ is also present. The concentration of the ions solutions is 1 mM. All the black curves represent the response of the device prior the exposure to metal ions, the red curves represent the response of the device toward a Hg +2 -containing solution and blue ones refers to experiments where no Hg 2+ has been used. Figure S4 I-V transfer characteristics prior to and after exposure to different solutions containing six different divalent cations (1 mM). All the black (red) curves represent the transfer characteristics before (after) exposure to the cations solutions. Figure S5 I-V transfer characteristics prior to and after exposure to solutions containing a mixture of different metal ions (total concentration equal to 1 mM). The p-type doping effect due to the redox reaction between Hg 2+ and the semiconductor molecules results in a localized Fermi level shift towards the HOMO band. As a consequence, in order to nullify the surface charge, a higher DC voltage is required and a positive shift in the amplitude curve is observed. Table S2 . ΔV th shifts after exposure to Hg 2+ extracted from 10 devices. 
